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The cellular mosaic of the mammalian organ of Corti represents one of the most highly ordered structures in any vertebrate
system. A single row of inner hair cells and three or four rows of outer hair cells extend along the basal-to-apical axis of the
cochlea. The factors that play a role in the development of specific cell types within the cochlea are largely unknown;
however, the results of previous studies have strongly suggested that retinoic acid plays a role in the development of cells
as hair cells. To determine whether cochlear progenitor cells can respond directly to retinoic acid, the expression patterns
for each of the RAR and RXR receptors within the embryonic cochlear duct were determined by in situ hybridization.
Results indicate that RARa, RXRa, and RXRg are initially expressed throughout the cochlear duct. As development
ontinues, the expression of each receptor becomes more intense in cells that will develop as hair cells. At the same time,
eceptor expression is down-regulated in cells that will develop as nonsensory cell types. To determine the effects of retinoic
cid signaling during the development of the organ of Corti, activation of retinoid receptors was blocked in cultures of the
mbryonic cochlea through receptor-specific antagonism or inhibition of retinoic acid synthesis. Results indicate that
nhibition of retinoic acid signaling induces a significant decrease in the number of cells that develop as hair cells and a
isruption in the development of the organ of Corti. These results demonstrate that cells within the developing cochlea can
espond to retinoic acid and that signaling by retinoic acid is necessary for the normal development of the organ of
orti. © 1999 Academic Press
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The sensory epithelium of the mammalian cochlea, the
organ of Corti, comprises a highly ordered cellular mosaic
of sensory hair cells and nonsensory supporting cells. A
single row of inner hair cells and three or four rows of outer
hair cells extend along the length of the cochlea. In addi-
tion, each hair cell is separated from neighboring hair cells
by projections from underlying supporting cells. The results
of previous studies have demonstrated that all of the cell
types within the sensory epithelium arise from a population
of progenitor cells located in the abneural (distal) region of
the ventral epithelium of the cochlear duct (Kikuchi and
Hilding, 1965; Kelley et al., 1995). However, the specific
1 To whom correspondence should be addressed at the Depart-
ment of Cell Biology, Georgetown University, 3900 Reservoirh
l
Road, N.W., Washington, DC 2007. Fax: (202) 687-1823. E-mail:
kelleym2@gunet.georgetown.edu.
180actors that play a role in the development of individual cell
ypes, or in the overall development of the cellular mosaic
ithin the organ of Corti, are largely unknown.
One factor that is likely to play a role in some aspects of
he development of the organ of Corti is the vitamin A
erivative, retinoic acid (RA). RA and several enzymes
elieved to be required for the synthesis of RA from its
mmediate precursors have been shown to be present in the
mbryonic mammalian cochlea (Dolle et al., 1990; Ruberte
t al., 1991; Kelley et al., 1993; Ylikoski et al., 1994). In
addition, exogenous RA induces a dose-dependent increase
in the number of cells that develop as hair cells and
supporting cells in explant cultures of the embryonic
mouse cochlea (Kelley et al., 1993). Similarly, addition of
RA to chick otocyst induces premature differentiation of
cells as hair cells in vitro (Represa et al., 1990). Finally,
xposure to isotretinoin, an alternate form of RA, in vivo
as been linked with malformations of the inner ear in
aboratory animals (Jarvis et al., 1990; Burk and Willhite,
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
b
p
p
(
d
181Retinoic Acid and Hair Cell Differentiation1992). Despite these results, the specific cellular effects of
RA, and the nature of those effects, during the development
of the cochlea have not been determined. In particular,
although RA appears to be sufficient to induce the differen-
tiation of cells as hair cells, RA signaling has not been
shown to be necessary for the differentiation of cells as hair
cells.
The effects of RA are mediated through binding to spe-
cific retinoic acid receptors. These receptors are members of
the steroid/thyroid superfamily of nuclear-localized tran-
scription factors (reviewed in Chambon, 1996). Two differ-
ent forms of retinoic acid receptors have been identified,
RARs and RXRs, and existing data indicate that the most
common form of active receptor complex is a heterodimer
pair that contains one RAR and one RXR. The results of
previous studies have demonstrated that some of the RAR
and RXR receptors are expressed within the developing
cochlear duct (Dolle et al., 1990, 1994; Ruberte et al., 1990;
Romand et al., 1998). However, the specific cellular distri-
butions of these genes throughout the embryonic develop-
ment of the organ of Corti have not been determined.
MATERIALS AND METHODS
In Situ Hybridization on Embryonic Cochleae
Timed-pregnant ICR strain mice were anesthetized with CO2
and sacrificed by cervical dislocation on specific gestational days
between embryonic day 12 (E12) and E18. Embryos were removed
and staged using the normal tables of Kaufman (1992). Pups
between postnatal day 0 (P0, day of birth) and P3 were sacrificed
using the same protocol. Embryos and pups were collected in cold
phosphate-buffered saline and the temporal bones were rapidly
dissected to expose the cochlear duct. After dissection, cochleae
were fixed by immersion in 4% paraformaldehyde overnight at
4°C. To ensure adequate penetration of RNA probes, prior to
hybridization, the dorsal and lateral walls of the cochlear duct were
removed to expose the developing sensory epithelium.
Plasmids containing full-length cDNA sequences for murine
RARa, RXRa, RXRb, and RXRg were generously provided by Dr.
Ronald Evans (Salk Institute, San Diego, CA) (Giguere et al., 1987;
Mangelsdorf et al., 1992) and plasmids for full-length murine RARb
and RARg were kindly provided by Dr. Pierre Chambon (Institute
of Genetics and Molecular Biology, Cedex, France) (Zelent et al.,
1989). To generate sense and antisense RNA probes for each
receptor, standard transcription reactions were carried out in the
presence of digoxygenin-labeled dUTP (Wilkinson and Nieto,
1993). All probes were hydrolyzed to an average length of 750 bp
and then diluted in hybridization buffer. Whole-mount in situ
hybridizations were performed using the protocol described in
Wilkinson and Nieto (1993). In order to compare relative levels of
expression of each receptor at different developmental time frames,
cochleae from multiple time points were reacted in the same vial.
Finally, to visualize the cellular distribution of each receptor
within the developing cochlear duct, samples were embedded
posthybridization in Tissue-Tek and sectioned at a thicknesses of 8
to 10 mm in a cryostat. The pattern of expression for each receptor
was determined for a minimum of three cochleae from at least two
different litters for each time point.
Copyright © 1999 by Academic Press. All rightCochlear Cultures
Cultures of the embryonic organ of Corti were established as
reported previously (Sobkowicz et al., 1975; Kelley et al., 1993).
Briefly, cochleae from E12, E16, and E18 embryos were dissected in
ice-cold Hanks’ balanced salt solution (HBSS) and oriented with the
sensory epithelium up on No. 0 coverslips that were coated with
0.01% poly-lysine followed by a 60- to 70-fold dilution of Matrigel
(Becton-Dickinson) in HBSS. Since the overall length of the cochlea
exceeds one full turn by E16, cochleae from E16 and E18 animals
were cut into two or three pieces so that the developing sensory
epithelium would lie flat. Cultures were maintained in 1 ml of
tissue culture medium at 35°C in a humidified chamber. To
minimize the levels of endogenous RA, the concentration of serum
in the medium was limited to 1% by volume. The components of
the medium were minimum essential medium (MEM), 10 mM
Hepes, 60 mg/ml glucose, 5 mM L-glutamine, 1.5 mg/ml sodium
icarbonate, 25 mg/ml insulin, 100 mg/ml transferrin, 60 mM
utrescine, 30 nM selenium, 20 nM progesterone, 100 units/ml
enicillin, 0.09 mg/ml amphotericin B, and 1% fetal bovine serum
Kelley et al., 1993, 1994).
Inhibition of RARa
Binding of RA to the RARa receptor was inhibited using the
specific antagonist Ro 41-5253 (kindly provided by Dr. M Klaus,
Hoffman–La Roche Pharmaceuticals; Apfel et al., 1992). Ro 41-
5253 was stored at 270°C as a 1 mM stock solution in dimethyl
sulfoxide (DMSO). Approximately 12–16 h after cochleae had been
established in culture, Ro 41-5253 was diluted in culture medium
to specific concentrations between 50 nM and 1 mM and added to
individual cultures. Control cultures received an equal volume of
vehicle. Initial studies indicated that exposure to DMSO alone does
not significantly affect the number of cells that develop as hair cells
(density in untreated controls 139.8 6 31 hair cells/100 mm versus
105.4 6 9 hair cells/100 mm in cultures treated with DMSO). To
etermine the effects of inhibition of RARa at specific develop-
mental time points, cultures were exposed to Ro 41-5253 or vehicle
for a 48-h time period. At the end of this time period, medium
containing Ro 41-5253 or vehicle was replaced with control me-
dium. Cultures were maintained until hair cells developed along
the entire length of the sensory epithelium in control cultures
(approximately 4–5 additional days; 6–7 days in vitro (DIV) total).
During this time 100% medium changes were made every 48 h. At
the conclusion of the experiment cultures were fixed in 4%
paraformaldehyde for 2 h at room temperature.
Viability Assay
The effects of exposure to Ro 41-5253 on cell viability were
determined using a propidium iodide exclusion assay (Freshney,
1994). Briefly, cultures were established on E13 as described and
exposed to a 500 nM concentration of Ro 41-5253 or vehicle as
described. At the end of the 48-h exposure to Ro 41-5253, culture
medium was removed and living cultures were treated with a 5
mg/ml concentration of propidium iodide in PBS for 10 min at 37°C.
Cultures were then washed three times in PBS and fixed in 4%
paraformaldehyde as described. Cell viability was determined for
four control and four experimental cochleae.
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182 Raz and KelleyInhibition of Synthesis of Retinoic Acid
Synthesis of RA from its immediate precursor, retinaldehyde,
was inhibited using the aldehyde dehydrogenase inhibitor citral
(Sigma) (Marsh-Armstrong et al., 1994; Hyatt et al., 1996). Cultures
ere established as described from E12 embryos and exposed to
ither 2.5 or 5.0 mM citral or to an equal concentration of DMSO for
2 h. Because citral is rapidly degraded in solution (Marsh-
rmstrong et al., 1994; Hyatt et al., 1996), culture medium was
eplenished every 12 h during the 72-h treatment period. Cultures
ere maintained in medium containing citral for 72 h, rather than
he 48-h exposure for Ro 41-5253, because of the potential lag
etween exposure to citral and the depletion of endogenous RA
ithin each explant. Following treatment with citral, cultures
ere maintained in control medium until hair cells developed
long the length of the sensory epithelium in control cultures (7
IV total).
Data Analysis
The stereociliary bundle located on each hair cell was visualized
by labeling with biotinylated Griffonia simplicifolia lectin (Vector
Labs). This lectin specifically labels embryonic and early postnatal
cochlear hair cells (M. Warchol, personal communication). Briefly,
cultures were washed in MEM and then incubated overnight in 20
mg/ml G. simplicifolia lectin in MEM with 1% Triton X-100.
Lectin binding was visualized using the ABC/DAB kit (Vector
Labs). Cultures were then mounted onto glass slides and an
inverted microscope and video camera were used to generate
individual cytocochleograms. In addition, since treatment with
either Ro 41-5253 or citral induced a disruption in the development
of the stereociliary bundles, the number of cells that developed as
hair cells in cultures treated with either of these factors was
confirmed using differential interference contrast microscopy. To
examine the histological effects of disruption of RA signaling, some
cultures were embedded in methacrylate (Immuno-Bed; Poly-
sciences, Inc.) and sectioned at a thickness of 5 mm.
In order to determine the effects of inhibition of the retinoid
signaling pathway, the number of cells that developed as hair cells
was determined based on data from cytocochleograms generated
from cochlear cultures exposed to DMSO, Ro 41-5253, or citral. For
cultures established from E12 embryos it was possible to determine
the total number of hair cells per cochlear explant. However, since
it was necessary to separate cochleae from E16 or E18 embryos into
two or three pieces prior to culture, the total number of hair cells
per cochlea could not be determined for these cultures. Therefore,
the data for these time points are presented as the average number
of hair cells per 100 mm of sensory epithelium as measured along
he length of the innermost (neural) row of hair cells. Only cultures
n which cytocochleograms could be generated from both the basal
nd the apical (E16) or the basal, mid, and apical (E18) regions were
ncluded and the overall number of hair cells per 100 mm of sensory
pithelium was determined for a minimum of 500 hair cells per
ulture. A minimum of three experimental and three control
ultures was counted for each experiment and each experiment was
epeated a minimum of two times. All of the cultures within a
ingle experiment were derived from a single litter of animals, and
hanges in hair cell number or density were determined by com-
arison with the control density for that litter. Significant changes
n hair cell number and/or density were determined using the
tudent t test.
c
o
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Expression of the hair cell-specific markers myosin VI and
myosin VIIa was determined using specific polyclonal antibodies
(Avraham et al., 1995; Hasson et al., 1997) (kindly provided by T.
Hasson). Cochlear cultures were established on E13 as described
and exposed to 500 nM concentration of Ro 41-5253 or vehicle for
48 h as described. At the end of the 48-h exposure period, cultures
were fixed as described. Intact cultures were incubated in primary
antibodies overnight at 4°C and antibody binding was detected
using a biotinylated secondary antibody and alkaline phosphatase.
Each experiment was repeated with a minimum of three pairs of
control and experimental cochlea.
In Situ Hybridization on Cochlear Cultures
Expression of the hair cell-specific marker Brn 3.1 (Brn 3C) was
determined using a digoxygenin-labeled cRNA probe for Brn 3.1.
The cDNA for Brn 3.1 was kindly provided by E. Huang and L.
Reichardt and a cRNA probe was synthesized as described. Cul-
tures were established on E13 and exposed to Ro 41-5253 or vehicle
as described. At the end of the 48-h exposure period control and
experimental cultures were fixed in 4% paraformaldehyde and
dehydrated as described. In situ hybridization was performed as
described in Wilkinson and Nieto (1993) for cryostat sections
except that the samples were not allowed to air dry prior to
hybridization. Expression of Brn 3.1 was determined for three
control and three experimental cochlea.
RESULTS
Development of the Organ of Corti
The mammalian cochlea develops as an outpocketing
from the ventral region of the otocyst. In mice, the devel-
oping cochlear duct can first be identified by approximately
E11. The developing duct then extends and turns back upon
itself to form a spiraled structure that contains approxi-
mately 13⁄4 turns. Within the duct, the ventral surface
roliferates to form a thickened epithelium that will give
ise to the organ of Corti and the inner and outer sulci
Kikuchi and Hilding, 1965; Ruben, 1967). The majority of
he cells that will develop as hair cells and supporting cells
ass through terminal mitosis between E13 and E15, and
arly markers for hair cell differentiation, such as myosin
I and myosin VIIa, are first expressed in the midbasal turn
f the cochlea on E14 (Ruben, 1967; Xiang et al., 1998). The
ifferentiation of individual cell types and of the overall
attern of the organ of Corti then proceeds in a gradient that
xtends from the midbasal turn toward the apex (Kikuchi
nd Hilding, 1965; Rubel, 1978; Lim and Anniko, 1985).
ndividual cells can be identified as hair cells based on
orphological criteria by E16 in the base, and the overall
ellular mosaic of hair cells and supporting cells can be
dentified by E18 (Anniko, 1983; Lim and Anniko, 1985).
ifferentiation of cells as hair cells and supporting cellsontinues through the early postnatal period and the organ
f Corti is not mature until several weeks after birth.
s of reproduction in any form reserved.
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183Retinoic Acid and Hair Cell DifferentiationExpression of RARs in the Developing Cochlea
Results indicate that transcripts for RARa are expressed
at a low level throughout the ventral epithelium of the
developing cochlear duct as early as E12 and that this
pattern of expression is maintained through E14 (Fig. 1A).
Between E15 and E17 expression of RARa is progressively
p-regulated in cells located in the region of the cochlear
uct that will develop as the sensory epithelium (Fig. 1B).
p-regulation of RARa occurs in a spatiotemporal gradient
that begins in the basal turn of the cochlear duct and
proceeds toward the apex. This gradient in increased expres-
sion of RARa parallels the gradient of hair cell differentia-
ion (Kikuchi and Hilding, 1965; Anniko, 1983; Lim and
nniko, 1985). Between E18 and P3 expression of RARa
persists, or is slightly intensified, in cells that will develop
as hair cells but is down-regulated in cells that will develop
as supporting cells. As a result, by P3 expression of RARa
throughout the basal-to-apical axis of the cochlea is mark-
edly more intense in inner and outer hair cells than in
surrounding supporting cells (Fig. 1C). Expression of RARa
is also present in cells located in the region of the outer
sulcus. Transcripts for RARa also persist in a subset of cells
ocated in the inner sulcus but the level of expression is
onsiderably lower than in the hair cells. Analysis of
ections from cochleae reacted with sense probes indicates
hat the level of nonspecific staining is negligible (Fig. 1D).
The patterns of expression for RARb and RARg were also
examined. Results confirm previous findings that demon-
strated that neither of these genes is expressed within any
cells located in the ventral epithelium of the cochlear duct
(Dolle et al., 1990; Ruberte et al., 1990). Transcripts for
RARb were detected in the developing cochlea between E12
and P0, but expression was restricted to the connective
tissue located adjacent to, but outside of, the ventral side of
the cochlear duct (data not shown).
Expression of RXRs in the Developing Cochlea
Results indicate that RXRa and RXRg are expressed
ithin the embryonic cochlear duct. RXRb may also be
xpressed but the level of expression is extremely low. The
atterns of expression for each gene will be discussed
eparately.
Transcripts for RXRa are expressed in cells located
hroughout the width of the ventral floor of the cochlear
uct beginning on E13 and continuing through E14 (Fig.
A). However, expression of RXRa is restricted to cells
located at the ventricular surface of the duct. Although
expression of RXRa appears to be relatively uniform across
he width of the duct, in some sections there did appear to
e a slight increase in the level of expression in cells located
n the region of the duct that will develop as the organ of
orti (arrows in Fig. 2A). The observation that RXRa is
largely restricted to cells located at the ventricular surface
of the cochlear duct is consistent with previous findings
from other systems, including intestinal and cervical epi-
thelia (Mangelsdorf et al., 1992; Darwiche et al., 1994; Celli
c
Copyright © 1999 by Academic Press. All rightet al., 1996). Between E15 and E17 the level of expression of
RXRa continues to increase in cells located near the ven-
tricular surface in the developing organ of Corti. During the
same time period, the level of expression of RXRa is
maintained or slightly decreased in cells located outside of
the developing sensory epithelium. As a result, by E17 the
expression of RXRa is most intense in those cells that will
develop as inner and outer hair cells (Fig. 2B). As was
observed for RARa, the changes in the pattern of RXRa
expression also occur in a spatiotemporal gradient that
parallels the histological development of the organ of Corti.
Between E18 and P0 expression of RXRa is progressively
own-regulated in all cells within the cochlear duct, such
hat by P0 low levels of expression of RXRa are detectable
nly in outer hair cells (Fig. 2C). At later developmental
ime points expression of RXRa is not detectable in any
cells within the cochlear duct (data not shown).
Expression of RXRb is weak or nonexistent throughout
he development of the organ of Corti. At E14, RXRb is
weakly expressed in cells located throughout the width of
the cochlear duct (Fig. 2D). By E17 the expression of RXRb
is undetectable in most cells within the duct. However, in
some sections there is a low level of expression in cells
located in the region of the epithelium that will develop as
outer hair cells (Fig. 2E).
Transcripts for RXRg are expressed throughout the co-
hlear duct as early as E13 (Fig. 2F). In fact, although earlier
evelopmental time points were not looked at in this study,
he results of previous work have demonstrated that RXRg
is expressed in the cochlear duct as early as E11.5 (Dolle et
al., 1994). As development continues, RXRg is progres-
sively down-regulated in cells located in the neural region
of the duct. As a result, by E17, RXRg is expressed exclu-
sively in cells located in the abneural half of the epithelium,
including the cells that will develop as the organ of Corti
(Fig. 2G). Between E18 and P3, expression of RXRg is
maintained in cells that will develop as inner and outer hair
cells and also in cells located in the region of the cochlea
that will give rise to the outer sulcus. However, expression
of RXRg is down-regulated in cells that will develop as
upporting cells, including pillar cells and Deiter’s cells
Fig. 2H).
Effects of Inhibition of RARa
Signaling by retinoic acid receptors is thought to require
the formation of a heterodimer that comprises one RAR and
one RXR (reviewed in Chambon, 1996). Since the results
described in the previous sections demonstrated that RARb
and RARg were not expressed in the cochlea, it seemed
likely that the common factor for any direct effects of RA
would be receptor heterodimers containing RARa. There-
fore, to determine the specific effects of RA signaling in the
developing sensory epithelium, the RARa-selective antag-
nist Ro 41-5253 was used to block receptor activation in
ochlear explant cultures.
As described previously, the sensory epithelia within
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightembryonic cochleae that were established as explant cul-
tures on E12 appeared to develop normally (Kelley et al.,
1993). In most cases a single row of inner hair cells and
three to five rows of outer hair cells were present along the
length of the explant (Fig. 3A). The morphology of the
stereociliary bundles on both inner and outer hair cells
appeared normal and in addition, individual cells that
would develop as inner phalangeal cells, pillar cells, and
Deiter’s cells could also be identified in cross sections (Fig.
3C). As described previously, regions of supernumerary hair
cells (defined as more than six rows of outer hair cells) were
observed at random locations in some control cultures
(Abdouh et al., 1993; Kelley et al., 1993). The frequency of
supernumerary regions in control cultures appeared to be
greater than the frequency reported in Kelley et al. (1993);
however, it is important to note that in order to minimize
the levels of exogenous RA, the medium used in the present
study contained only 1% fetal bovine serum. By compari-
son, the medium used by Kelley et al. (1993) contained a
total of 15% serum. Although there is no obvious reason
why decreased levels of serum would lead to an increased
incidence of supernumerary hair cells, preliminary results
suggest that an inverse correlation does exist between these
two factors (Kelley et al., 1993; Abdouh et al., 1993; M. W.
Kelley, unpublished observations).
In contrast with controls, sensory epithelia that devel-
oped in cochlear cultures that were exposed to a 500 nM
concentration of the RARa-specific antagonist for a 48-h
period beginning at E12.5 appeared significantly disrupted
(Fig. 3B). Along the majority of the length of the epithelium,
the organized cellular pattern of the organ of Corti was
replaced by two to three rows of disorganized hair cells. In
addition, in some cochleae there were isolated regions of
the sensory epithelium in which no hair cells were present
(Fig. 3B). Limited regions of sensory epithelium that com-
prised a well-organized cellular pattern of hair cells and
supporting cells were observed in some cases; however,
these regions were always restricted to the basalmost area
of the cochlear duct. All of the hair cells that did develop in
these cultures were located in a narrow band that appeared
to be positioned in the region of the ventral epithelium that
would have developed as the organ of Corti. These results
suggest that the earlier patterning events that are presumed
to play a role in the determination of the position of the
prosensory cells that will give rise to the organ of Corti
were not disrupted by treatment with the RARa antagonist.
Analysis of the limited number of hair cells that did
develop in cochleae exposed to Ro 41-5253 indicated that
the differentiation of these cells was also altered. In most
cases, the stereociliary bundles on these hair cells were
small and rounded with no obvious development of the “)”
or “W”-type morphology that is characteristic of inner and
outer hair cells, respectively (Corwin and Warchol, 1991)
(Fig. 3B). To confirm that the effects of exposure to Ro
41-5253 were not limited to the inhibition of the develop-FIG. 1. Expression of mRNA for RARa in the embryonic mouse
ochlea. The cross sections have been aligned based on the position of
he spiral vessel, an embryonic marker for the location of the organ of
orti (asterisk in B). (A) Cross section through the basal turn of the
ochlear duct on E14. Transcripts for RARa are expressed weakly
throughout the epithelium and in the underlying mesenchymal
tissue. (B) Cross section of the basal turn of the cochlea on E17.
Expression of RARa persists throughout the epithelium, but there is
a noticeable increase in the intensity of staining in the region of the
epithelium that will develop as the organ of Corti (region bracketed by
arrows). (C) Cross section of the middle turn of the cochlea on P3.
Expression of RARa persists throughout the epithelium, but the
ntensity of expression is markedly higher in the inner (arrowhead)
nd outer (long arrows) hair cells and in the outer sulcus cells (short
rrow). Also, expression of RARa has been down-regulated in cells
ocated near the basement membrane in the developing inner sulcus.
D) Sense control in a cross section of the cochlea on E15. Noment of the stereociliary bundle, the histological develop-
ment of the sensory epithelium was examined in cross
s of reproduction in any form reserved.
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Analysis of these sections confirmed that inhibition of
retinoid signaling induced a significant disruption in the
development of the sensory epithelium (Figs. 3C and 3D).
The number of cells that could be identified as hair cells
was significantly reduced and the characteristic pattern of
inner and outer hair cells was disrupted. Hair cells that
developed in cultures treated with Ro 41-5253 appeared
smaller and shorter compared with controls. In addition,
although a second layer of cell nuclei was present between
the hair cell nuclear layer and the basement membrane, it
was not possible to identify any of these cells as specific
FIG. 2. Expression of mRNAs for RXRs in the embryonic mous
osition of the spiral vessel (asterisk in A, D, and G). (A–C) Expres
duct on E14. Transcripts for RXRa are expressed throughout the w
entricular surface. There is a slight increase in the intensity of exp
s the organ of Corti (bracketed by arrows). (B) Cross section throug
f RXRa in inner (arrowhead) and outer (arrows) hair cells; howeve
the duct, including the outer sulcus cells (short arrow). (C) Cross
visualize the tissue, the contrast in this image has been increased. A
and is restricted to developing outer hair cells (arrows). There is a se
sulcus, but the signal appears to be localized to the tectorial mem
RXRb. (D) Cross section through the basal turn of the cochlear duc
in visualization of the tissue. Expression of RXRb is weak or nonex
hrough the basal turn of the cochlear duct on E17. There may be
xpression of RXRg. (F) Cross section through the basal turn of th
pithelium but is not expressed in underlying mesenchymal tissue
xpression of RXRg has been down-regulated in cells located in the
f the cochlear duct on P3. There is intense expression of RXRg
xpression in the outer sulcus cells located to the right of the outtypes of supporting cells.
To confirm that treatment with Ro 41-5253 did not
Copyright © 1999 by Academic Press. All rightisrupt the binding of biotinylated G. simplicifolia to
tereociliary bundles, experimental cultures were labeled
ith G. simplicifolia prior to sectioning. Subsequent anal-
ysis of sections demonstrated that each cell that was
classified as a hair cell based on histological criteria also
contained a labeled stereociliary bundle (Fig. 3D). Analysis
of cells located outside of the sensory epithelium indicated
that the overall health of the cultures appeared normal,
indicating that exposure to 500 nM Ro 41-5253 was not
generally toxic.
The nontoxic effects of treatment with Ro 41-5253 were
confirmed by staining of nonviable cells with propidium
chlea. For each column sections have been aligned based on the
of RXRa. (A) Cross section through the basal turn of the cochlear
of the epithelium but are restricted to cells located at or near the
on in cells located in the region of the epithelium that will develop
basal turn of the cochlear duct on E17. There is intense expression
pression persists at a lower level in cells throughout the width of
on through the basal turn of the cochlear duct on P3. In order to
time point the level of expression of RXRa is significantly reduced
area of light staining located in the region of the developing inner
e, suggesting that this label is artifactual. (D and E) Expression of
E14. As in C, the contrast of this image has been increased to aid
t throughout the developing sensory epithelium. (E) Cross section
ed weak expression of RXRb in the hair cell region (arrows). (F–H)
hlear duct on E14. RXRg is expressed throughout the developing
Cross section through the basal turn of the cochlear duct on E17.
ral half of the epithelium. (H) Cross section through the basal turn
he inner (arrowhead) and outer (arrows) hair cells. There is also
ir cells (short arrow). Scale bar in E (same for all others), 20 mm.e co
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idth
ressi
h the
r, ex
secti
t this
cond
bran
t on
isten
limit
e coc
. (G)
neuiodide. Results indicated that the number of dead or dying
cells did not differ significantly between cultures exposed
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186 Raz and Kelleyto Ro 41-5253 and cultures exposed to vehicle (Fig. 4). In
particular, while dead or dying cells were observed in the
region of the developing spiral ganglion, very few nonviable
cells were observed in the developing sensory epithelium in
either control or experimental cultures.
FIG. 3. Effects of Ro 41-5253 on the development of the organ o
established on E12 and maintained for 7 DIV. Stereociliary bundles
(arrowheads) and three to four rows of outer hair cells are presen
developed the “)” or “W” morphology that is characteristic for inne
from a culture that was established on E12, exposed to Ro 41-5253
DIV. The sensory epithelium comprises two to three disorganized
disrupted and the stereociliary bundles that are present appear roun
from a culture that was established on E12 and maintained for 7
(numbered) are present. Developing pillar cells and Deiter’s cells ca
from a culture that was established on E12, exposed to Ro 41-5253
DIV. Although there are two hair cells present in this section (arro
hair cells cannot be identified as either inner or outer hair cells and
cells, it is not possible to identify specific supporting cell types. (E)
E17 and maintained for 3 DIV. A single row of inner hair cells (arrow
view of the organ of Corti in a culture that was established on E17, e
for an additional 1 DIV. The normal complement and pattern of in
A (same in B), 50 mm. Scale bar in C (same in D), 20 mm. Scale baIn order to determine the quantitative effects of exposure
to Ro 41-5253 on hair cell development, complete cytoco-
c
e
Copyright © 1999 by Academic Press. All righthleograms were generated for cochleae from E12 animals
hat were exposed to either a 500 nM concentration of Ro
1-5253 or to vehicle (Table 1). Results demonstrated that a
8-h exposure to Ro 41-5253 beginning on E12.5 induced a
9% decrease in the number of cells that developed as hair
ti. (A) Surface view of the organ of Corti from a culture that was
been labeled with G. simplicifolia. A single row of inner hair cells
ows). Note that the stereociliary bundles on each hair cell have
outer hair cells, respectively. (B) Surface view of the organ of Corti
48 h beginning on E12.5, and then maintained for an additional 5
of hair cells. The overall cellular pattern of the organ of Corti is
and immature. (C) A transverse section through the organ of Corti
. A single inner hair cell (arrowhead) and three outer hair cells
o be identified. (D) A transverse section through the organ of Corti
48 h beginning on E12.5, and then maintained for an additional 5
the overall cellular pattern of the organ of Corti is disrupted. The
ough a layer of supporting cell nuclei are present beneath the hair
ace view of the organ of Corti in a culture that was established on
s) and three rows of outer hair cells (arrows) are present. (F) Surface
ed to Ro 41-5253 for 48 h beginning on E17.5, and then maintained
(arrowheads) and outer (arrows) hair cells are present. Scale bar in
(same in F), 30 mm.f Cor
have
t (arr
r and
for
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n als
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ws),
alth
Surf
head
xposells. Measurements of the overall length of the sensory
pithelium indicated that there was no significant change
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187Retinoic Acid and Hair Cell Differentiationin length between control and experimental cultures.
Therefore the change in the total number of hair cells per
cochlea was the result of an overall decrease in the density
FIG. 4. Effects of Ro 41-5253 on cell viability. (A and B) Phase-
ontrast images of paired cochlear cultures that were established
rom the same animal on E13 and maintained for 2.5 DIV. The
ulture in B was exposed to Ro 41-5253 for 48 h while the culture
n A served as a control. Arrows indicate the region of each culture
hat will develop as the organ of Corti. (C and D) Fluorescent
mages of the cultures in A and B indicating propidium iodide
taining of nonviable cells. In each culture nonviable cells are
abeled in the developing spiral ganglion (arrowheads) and several
xamples of individual labeled cells are also present (arrows).
onviable cells are not present in the region of the developing
rgan of Corti (innermost boundary marked by white line) in either
he control or the experimental culture. Scale bar in A (same in B,
, and D), 200 mm.
ABLE 1
ffects of Exposure to a 500 nM Concentration of the RARa Anta
n the Number of Cells That Develop as Hair Cells
Mean length of the sensory epithelium (mm)
ean number of hair cells
Mean number of hair cells/100 mm sensory epithelium
Note. E12 cochleae were established as organotypic cultures and
of hair cells in each cochlea from each condition was determined
experimental cochleae. Data are presented as means 6 standard erro
of cells that developed as hair cells, but did not induce a significa
induced significant decreases in the length of the sensory epithel
standard errors for the results of the citral experiments are large bec
values for all three categories for these cultures were zero.
* a 5 0.001.
Copyright © 1999 by Academic Press. All rightf hair cells rather than of shortening in the length of the
ensory epithelium.
To determine whether the effects of Ro 41-5253 were
ependent on dosage, cochleae were exposed to increasing
oncentrations of the antagonist for 48 h beginning on
12.5. Results indicated that concentrations of Ro 41-5253
etween 50 and 100 nM had little effect on the number of
ells that developed as hair cells. However, exposure to 250
r 500 nM concentrations of the antagonist induced a
rogressive decrease in the number of cells that developed
s hair cells, with a 500 nM concentration leading to a
ignificant decrease in hair cell number compared with
ontrols (Fig. 5). In cultures exposed to concentrations of Ro
1-5253 greater than 500 nM there was widespread cell
eath and the complete disruption of the development of
he sensory epithelium.
Changes in the sensitivity of the organ of Corti to the
ffects of Ro 41-5253 with developmental time were exam-
ned by establishing cultures at later developmental time
oints, either E16 or E18. These cultures were then exposed
ither to a 500 nM concentration of the inhibitor or to
ehicle for 48 h as described. Results demonstrated that in
ochleae exposed to Ro 41-5253 on E12.5, the density of
air cells was 37% compared with age-matched controls
hile in cochleae from E16.5 embryos the hair cell density
as 72% of control and in cochleae from E18.5 embryos the
air cell density was 95% of control (Fig. 6). In addition, the
orphology of the sensory epithelium and of most of the
air cells in cultures established from E16 and E18 cochleae
ppeared normal compared with age-matched controls
Figs. 3E and 3F).
The results of a previous study had suggested that reti-
oic acid might play a role in the determination of the
opulation of prosensory cells, the immediate precursors of
oth hair cells and supporting cells (Kelley et al., 1993). To
etermine whether inhibition of retinoic acid signaling
isrupted the development of the sensory epithelium at the
rosensory cell stage, the expression of markers that are
t Ro 41-5253 or to a 5.0 mM Concentration of Citral
Control Ro 41-5253 Citral
0 6 139 (5) 975 6 131 (4) 197 6 395* (5)
5 6 131 315 6 23* 27 6 23*
5 6 9 38 6 7* 6 6 4*
sed to Ro 41-5253, citral, or vehicle as described. The total number
ve control cochleae and for either four (Ro 41-5253) or five (citral)
posure to Ro 41-5253 induced a significant decrease in the number
hange in the length of the sensory epithelium. Exposure to citral
in the number of hair cells, and in the density of hair cells. The
several of the cultures had no identifiable hair cells; as a result thegonis
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188 Raz and Kelleyspecifically expressed in differentiating hair cells, myosin
VI, myosin VIIa, and Brn 3.1, was examined in control and
xperimental cultures (Erkman et al., 1996; Xiang et al.,
1997, 1998). Results indicated that expression of myosin VI
was not significantly disrupted in cultures exposed to Ro
41-5253 (Figs. 7A and 7B). In contrast the expression of both
myosin VIIa and Brn 3.1 was markedly disrupted in cultures
xposed to the RARa antagonist (Figs. 7C–7F). The rela-
ively normal pattern of expression for myosin VI indicates
hat cells apparently begin to differentiate as hair cells even
n the presence of the RARa inhibitor.
Effects of Decreased Levels of Retinoic Acid
To confirm that the effects of the RARa-selective antag-
onist represented a disruption of a signaling pathway that is
dependent on RA, the synthesis of RA within individual
cochlear cultures established on E12 was inhibited using
the aldehyde dehydrogenase inhibitor citral. Results indi-
cated that treatment with citral induced a disruption in the
FIG. 5. Response of cultures established from E12 cochleae to a
8-h exposure to different concentrations of Ro 41-5253. Increasing
oncentrations of Ro 41-5253 induced progressively greater de-
reases in the number of cells that developed as hair cells. The
ecrease in hair cell density in cultures exposed to a 250 nM
oncentration was not significant while exposure to a 500 nM
oncentration did induce a significant decrease in the density of
air cells. Exposure to concentrations equivalent to or greater than
mM led to widespread cell death. Each data point represents the
change in the average density of hair cells per 100 mm of sensory
epithelium compared with control cultures established from the
same litter of animals. Error bars represent variation between
experiments. Therefore, since the control value for each experi-
ment was set at 100%, there is no standard error for the control
values. Control mean density of hair cells per 100 mm 102.5 6 0.8.
Error bars are SEM. *a 5 0.001.development of the regular pattern of the organ of Corti and
significant decreases (compared with DMSO controls) in E
Copyright © 1999 by Academic Press. All righthe length of the sensory epithelium, in the total number of
air cells, and in the mean density of hair cells (Table 1).
he general morphology of the sensory epithelium in cul-
ures that had been exposed to citral appeared similar to
hat of the sensory epithelium in cultures that had been
xposed to the RARa-selective antagonist (Fig. 8). One to
wo rows of disorganized hair cells were located along the
ength of the sensory epithelium. The size of the regions of
he sensory epithelium that contained no hair cells was
arkedly increased in cultures treated with citral compared
ith cultures treated with Ro 41-5253, and in several
ultures there appeared to be no hair cells at all. Stereocili-
ry bundles that were present appeared rounded and the
urface area of each hair cell was expanded.
DISCUSSION
Expression of Retinoic Acid Receptors and
Retinoid X Receptors
The results of previous studies have suggested that sig-
naling by RA plays a role in the development of the
mammalian organ of Corti (Dolle et al., 1990; Ruberte et
al., 1991; Kelley et al., 1993; Ylikoski et al., 1994). How-
ver, since the cellular distribution of the different retinoic
cid receptors within the developing cochlea had not been
etermined, it was not clear whether RA acted directly on
FIG. 6. Temporal sensitivity of the organ of Corti to Ro 41-5253.
Cultures were established from E12, E16, and E18 cochleae and
exposed to Ro 41-5253 for 48 h as described. Each data point
represents the change in density of hair cells per 100 mm of sensory
epithelium compared with age-matched controls. In cultures estab-
lished on E16 there is a marginally significant decrease in hair cell
density (a 5 0.03), while in cultures established on E18 there is no
change in density compared with controls. Control mean densities
of hair cells per 100 mm for each age are as follows: E13, 96.1 6 4;
17, 58.2 6 6; and E19, 51.8 6 4. Error bars are SEM.
s of reproduction in any form reserved.
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Scale bar in A (same in B, C, D, E, and F), 100 mm.
189Retinoic Acid and Hair Cell Differentiation
Copyright © 1999 by Academic Press. All rightcells within the developing sensory epithelium. The results
presented here demonstrate that at least three of the reti-
noic acid and retinoid receptors are expressed throughout
the ventral epithelium of the cochlear duct early in devel-
opment. As development proceeds, the expression of each
receptor intensifies in cells located in the region of the
epithelium that will develop as the organ of Corti and, in
particular, in cells that will develop as hair cells. These
results suggest that cells throughout the ventral epithelium
may respond to signaling by RA at early time points but
that as development continues those cells that will develop
as the organ of Corti may become increasingly sensitive to
RA. The predominant expression of RARa and RXRg in hair
ells and outer sulcus cells in late embryonic and early
FIG. 8. Effects of exposure to citral on the development of the
organ of Corti. (A) Surface view of the organ of Corti from a culture
that was established on E12 and maintained for 7 DIV. Stereociliary
bundles have been labeled with G. simplicifolia. Three rows of
outer hair cells are present. Arrows indicate individual outer hair
cell stereociliary bundles. A single row of inner hair cells is also
present, but the stereociliary bundles for these cells are out of the
plane of focus (arrowheads). (B) Surface view of the organ of Corti
from a culture that was established on E12, exposed to citral for
72 h beginning on E12.5, and then maintained for an additional 4
DIV. The sensory epithelium is severely disrupted and appears to
contain hair cells with disrupted stereociliary bundles (arrow-
heads). Also, the surface area of each hair cell is noticeably
expanded. Scale bar in A (same in B), 50 mm.FIG. 7. Effects of Ro 41-5253 on expression of hair cell-specific
markers. (A) Expression of myosin VI in a cochlear culture
established on E13 and maintained for 2.5 DIV. Myosin VI is
expressed in a band of developing hair cells that extends around
approximately 80% of the circumference of the explant (arrows).
Myosin staining is also present in the developing sacculus
(arrowhead). Basal region of the cochlea is to the left. (B) Paired
cochlear culture established from the same animal as in A and
fixed at the same time. However, this culture was exposed to Ro
41-5253 for 48 h prior to fixation. The pattern of expression of
myosin VI appears unchanged (arrows). Basal region of the
cochlea is to the right. (C) Expression of myosin VIIa in a
cochlear culture established on E13 and maintained for 2.5 DIV.
A band of expression of myosin VIIa extends along approxi-
mately 66% of the total circumference of the explant (arrows).
Basal region of the cochlea is to the left. (D) Paired cochlear
culture established from the same animal as in C but exposed to
Ro 41-5253 for 48 h prior to fixation. The pattern of expression
of myosin VIIa is markedly disrupted. The band of myosin
expression is shortened to approximately 33% of the circumfer-
ence of the explant and the level of expression appears to be
decreased (arrows). Basal region of the cochlea is to the right. (E)
Expression of mRNA for Brn 3.1 in a cochlear culture estab-
ished on E13 and maintained for 2.5 DIV. A band of intense
xpression of Brn 3.1 is present in the basal third of the
eveloping sensory epithelium (arrows). Basal region of the
ochlea is to the left. (F) Expression of mRNA for Brn 3.1 in a
cochlear culture established on E13 and exposed to Ro 41-5253
for 48 h prior to fixation. The expression of Brn 3.1 is markedlyostnatal cochleae suggests that these cells may respond to
A signaling beyond the embryonic period.
s of reproduction in any form reserved.
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190 Raz and KelleyIt is interesting to note that the down-regulation of each
of the retinoid receptors occurs in a gradient that progresses
from the neural side of the duct to the abneural side. As a
result, in addition to expression in cells that will develop as
the sensory epithelium, each of the retinoid receptors is
expressed at a comparatively high level in cells located on
the abneural side of the duct. The results of a previous study
demonstrated that addition of exogenous RA to cochlear
cultures led to an increase in the number of cells that
developed as hair cells (Kelley et al., 1993). This increase
was largely the result of the formation of supernumerary
rows of outer hair cells. In some cases, as many as eight
additional rows of outer hair cells developed on the abneu-
ral boundary of the organ of Corti. This result suggested
that cells located adjacent to the abneural boundary of the
developing sensory epithelium are predominantly affected
by the addition of exogenous RA. The comparatively high
level of expression of retinoid receptors in these cells is
consistent with this hypothesis and suggests that the
amount of RA, rather than the expression of retinoid
receptors, may be limiting for the number of cells that
develop as hair cells.
The results of previous studies have suggested that active
retinoic acid receptor complexes comprise heterodimers of
one RAR with one RXR (reviewed in Chambon, 1996).
Since RARa, but not RARb or RARg, is expressed within
he developing sensory epithelium, it seems likely that the
ffects of signaling by RA are mediated through this recep-
or. In contrast, both RXRa and RXRg (and possibly low
evels of RXRb) are expressed within the developing epithe-
lium; therefore, it is not possible to conclude whether a
particular RXR acts most commonly as a dimer partner for
RARa. However, recent evidence indicates that most of the
iological effects associated with deficiencies in vitamin A
re mediated through RXRa (Kastner et al., 1994). In con-
rast, animals containing compound deletions of RXRb and
XRg are viable and have normal levels of auditory percep-
tion (Krezel et al., 1996; Barros et al., 1998). Based on these
results, it seems likely that the effects of RA during the
early development of the organ of Corti are mediated
through RARa–RXRa heterodimers. This hypothesis is
supported by the observation that the end of the period of
RA sensitivity within the organ of Corti correlates with the
down-regulation of RXRa around E18 (Kelley et al., 1993;
his study).
Antagonism of RARa Inhibits the Development of
Cells as Hair Cells within the Organ of Corti
Based on the results discussed in the previous section, it
seemed likely that activation of the RA signaling pathway
in the developing organ of Corti could be blocked specifi-
cally with the RARa-selective antagonist Ro 41-5253. Re-
ults indicate that this treatment induces a marked disrup-
ion in the cellular pattern of the organ of Corti and a
ignificant decrease in the number of cells that develop as
air cells. The development of the organ of Corti was most
b
t
Copyright © 1999 by Academic Press. All rightensitive to the inhibition of signaling by RA between E12.5
nd E16.5. This time period correlates with the terminal
itoses of the progenitor cells that will develop as hair cells
nd supporting cells (Ruben, 1967) and with the earliest
xpression of hair cell differentiation markers such as
agged2, Brn 3.1, myosin VI, and myosin VIIa (Erkman et
l., 1996; Xiang et al., 1997, 1998; Ryan et al., 1998; Lanford
t al., 1999). Although the specific effects of RA cannot be
etermined based solely on these results, the observation
hat expression of myosin VI is not severely disrupted in
ultures treated with Ro 41-5253 suggests that the initial
ommitment and differentiation of cells as hair cells are not
ependent on signaling by RA. However, the disruption in
he patterns of expression for both myosin VIIa and Brn 3.1
re consistent with the hypothesis that RA signaling is
equired for continued hair cell differentiation. At present
he relationships between myosin VI, myosin VIIa, and Brn
.1 have not been determined conclusively. In hair cells,
xpression of Brn 3.1 has been reported to precede that of
yosin VI and VIIa (Xiang et al., 1998). However, deletion
f Brn 3.1, which results in a complete loss of hair cells,
oes not eliminate the early development of cells as hair
ells or the expression of myosin VI or VIIa (Xiang et al.,
998). Therefore, it is not clear whether the expression of
yosin VI, myosin VIIa, and Brn 3.1 are representative of
ndependent pathways within developing hair cells. The
esults presented here suggest that the expression of Brn 3.1
nd myosin VIIa represent RA-dependent events while
xpression of myosin VI appears to be RA independent.
It is important to consider that some cells developed as
air cells in all of the cochleae that were exposed to
ubtoxic concentrations of Ro 41-5253. One possible expla-
ation for the development of a limited number of hair cells
n these cultures is that some cells had passed through the
eriod of RA sensitivity prior to the addition of the antag-
nist. However, since the first progenitors to become com-
itted to develop as hair cells are located in the basal turn
f the cochlea (Kikuchi and Hilding, 1965; Anniko, 1983;
im and Anniko, 1985; Kelley et al., 1995), this hypothesis
ould predict that any cells that developed as hair cells
ould be located in the basal turn. Although the majority of
air cells in E12 cultures treated with Ro 41-5253 for 48 h
ere located in the basal region, a limited number of hair
ells developed along the entire length of the cochlea in
ost cultures. The presence of these cells may be related to
he observation that immunoreactivity to CRBP I within
he embryonic cochlea is localized to developing pillar cells
nd Deiter’s cells (Ylikoski et al., 1994). Since CRBP I is a
ey positive regulator of RA synthesis (reviewed in Napoli,
996; Wolf, 1996), this result led to the suggestion that
eveloping pillar cells and Deiter’s cells might act as a
ource of RA (Ylikoski et al., 1994). Ro 41-5253 competes
ith RA for binding sites on RARa; therefore, cells located
ear a source of RA would be exposed to a higher concen-
ration of the ligand and would be less likely to be inhibited
y the antagonist. As a result, some cells located close to
he source of RA might continue to develop as hair cells,
s of reproduction in any form reserved.
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191Retinoic Acid and Hair Cell Differentiationregardless of their position along the basal-to-apical axis,
leading to the formation of a limited number of hair cells
along the length of the epithelium.
In addition to a decrease in the overall number of cells
that developed as hair cells, treatment with the RARa-
selective antagonist also disrupted the morphological
differentiation of those cells that did develop as hair
cells. It is not clear whether the rounded morphology of
the stereociliary bundles on these cells was indicative of
immature hair cells or of cells that were in the process of
degeneration. However, based on histological analysis,
hair cells that had developed in the presence of the
antagonist appeared viable and showed no signs of necro-
sis, even 5 days after removal of Ro 41-5253. These
results are consistent with the hypothesis that signaling
by RA plays a role in the early differentiation of cells as
hair cells. Previous results have demonstrated that sig-
naling by RA influences similar events in a number of
other developmental systems as well (reviewed in
Morriss-Kay and Sokolova, 1996; Clagett-Dame and
Plum, 1997; Smith et al., 1998).
Antagonism of RARa and the Development of
Cells as Supporting Cells within the
Organ of Corti
Addition of exogenous retinoid acid leads to an increase
in the number of cells that develop as hair cells and to an
apparently parallel increase in the number of cells that
develop as supporting cells (Kelley et al., 1993). If retinoic
acid is required for the formation of both cell types, then
antagonism of RARa should lead to a decrease in the
umber of supporting cells as well. Based on the results
resented here it is not possible to determine whether the
nitial development of cells as supporting cells has been
ffected. Other than a disruption in organization, the num-
er and overall morphology of the supporting cells in
ultures treated with Ro 41-5253 did not appear to be
arkedly different from those of the supporting cells in
ontrol cultures. It might be possible to address the role of
etinoid signaling in the development of cells as supporting
ells by extending the culture period to allow for further
ifferentiation of individual supporting cells. However,
ince recent studies have demonstrated that hair cells are
equired for the normal development of supporting cells in
he organ of Corti (Erkman et al., 1996; Xiang et al., 1997),
he decreased number of hair cells in cultures treated with
he retinoid antagonist would probably lead to significant
efects in supporting cell development independent of any
otential direct effects of the RAR antagonist on supporting
ells.
Inhibition of Synthesis of Retinoic Acid Inhibits
the Development of the Organ of CortiRecent results have suggested that some members of the
steroid/thyroid/retinoid superfamily do not require binding
d
l
Copyright © 1999 by Academic Press. All rightf ligand to form active receptor complexes (reviewed in
angelsdorf and Evans, 1995; Chambon, 1996). Therefore,
t seemed possible that specific antagonism of RARa could
ead to the disruption of a molecular pathway that was not
ependent on RA. The inhibition of synthesis of RA by
itral induced a significant decrease in the number of cells
hat developed as hair cells and appeared to have effects on
he development of the organ of Corti that were similar to
hose observed in cultures exposed to Ro 41-5253. These
esults suggest that RA and activation of RARa represent
two steps in the same signaling pathway within the devel-
oping cochlea.
Retinoic Acid and the Development of the Organ
of Corti
The results of previous experiments had suggested that
RA signaling might play a role in the determination of the
size of the population of prosensory cells that will give rise
to the organ of Corti or in the specific development of
progenitor cells as hair cells (Kelley et al., 1993). The results
resented here support the latter of these hypotheses, that
A is required for the differentiation of cells as hair cells. In
articular the demonstration that expression of myosin VI
n early marker for hair cell differentiation is not disrupted
n the presence of an RARa antagonist suggests that the
development of the prosensory cell population and the
initial differentiation of cells as hair cells are not dependent
on RA. However, in the absence of RARa activity the
ubsequent differentiation of these cells as hair cells is
pparently inhibited, resulting in the disruption of the
xpression of both myosin VIIa and Brn 3.1 and a significant
ecrease in the number of hair cells. Based on these find-
ngs, the conclusions of Kelley et al. (1993) should be
econsidered. The proposed effects of RA on the size of the
opulation of prosensory cells were based on the observa-
ion that exogenous RA induced an increase in the number
f both hair cells and supporting cells (Kelley et al., 1993).
ince recent studies on the interactions between hair cells
nd supporting cells have demonstrated that hair cells
pparently provide inductive or trophic cues for supporting
ells (Erkman et al., 1996; Xiang et al., 1997, 1998), it seems
ossible that the increase in the number of supporting cells
hat was observed in cultures treated with exogenous RA
ould have been a result of an increase in the number of hair
ells.
Based on the results presented in previous work and in
his paper the following model for the role of RA during the
evelopment of the organ of Corti can be proposed: retinoic
cid and at least RARa, RXRa, and RXRg are present in the
cochlear duct as early as E13; however, the levels of
expression for both RARa and RXRa, and of RA (Kelley et
l., 1993), are comparatively low. Between E13 and E16,
xpression of retinoic acid receptors increases in cells
ocated in the region of the ventral epithelium that will
evelop as the sensory epithelium. In addition, the overall
evel of retinoic acid increases within the cochlear duct and
s of reproduction in any form reserved.
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192 Raz and Kelleya focal concentration of RA may develop in the sensory
epithelium (Dolle et al., 1990, 1994; Kelley et al., 1993;
likoski et al., 1994). At the same time RA-independent
echanisms direct individual cells within the sensory
pithelium to become committed to and to begin to differ-
ntiate as hair cells. As discussed, exposure to higher levels
f RA at this time may override the normal regulatory
ystems, leading to an increase in the number of cells that
evelop as hair cells. Between E17 and birth expression of
ARa and RXRg becomes largely restricted to developing
air cells, while expression of RXRa is down-regulated
ntirely. During this time period the overall sensitivity of
he developing organ of Corti to changes in the level of
ignaling by RA begins to decrease, suggesting that the
ffects of RA on the development of cells as hair cells are
ediated through receptor complexes that include RXRa.
Finally, at later developmental time points, signaling
through RARa–RXRg heterodimers or other members of
he steroid/thyroid/retinoid receptor superfamily may play
role in the maintenance or function of hair cells (reviewed
n Raz and Kelley, 1997).
In summary, the results presented in this paper demon-
trate that cells within the developing cochlear duct express
AR and RXR receptors and that these receptors are ex-
ressed predominantly in developing hair cells. In addition,
nhibition of an RA-dependent signaling pathway in embry-
nic cochlear cultures induces a significant decrease in the
umber of cells that develop as hair cells and a marked
isruption in the development of the organ of Corti. These
ndings, and those presented in Kelley et al. (1993), clearly
demonstrate that RA plays a key role in regulating the
number of cells that develop as hair cells and in the overall
early development of the organ of Corti.
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